The development of new methods to engineer lead halide perovskite crystals with a controlled band gap and emission properties is an active subject in materials science and chemistry. We present the preparation of mixed-halide lead perovskites by spatially-and temporally-controlled chemical reactions and crystal growth under an optical potential in unsaturated precursor solutions. The crystals are characterized by transmission and photoluminescence spectral measurements and X-ray diffraction analysis. When compared with the spontaneous formation of multiple crystals in saturated precursor solutions, the optical potential creates large single crystals with a high chloride composition, providing distinct blue and green fluorescent crystals of chloride-bromide lead perovskites. We discuss the formation of mixed-halide perovskites from the viewpoints of an increased rate of chemical reaction via the formation and desolvation of precursor complexes and a decreased free energy potential.
Introduction
Since Ashkin et al. developed optical trapping with the use of a tightly focused laser beam in 1986, this technique has been widely used as an optical tweezer for trapping and manipulating small dielectric micro-and nanoobjects 1, 2 . In particular, laser trapping has played an innovative role in biological research by the noninvasive manipulation of microorganisms and organelles [3] [4] [5] . In chemistry, this technique was applied to smaller objects, such as nanoparticles 6 , quantum dots 7 , polymers 8 , proteins 9 , and amino acids 10 , confining and assembling those in the focal volume. Such an assembly formation was expanded into the crystallization of amino acids and sodium chlorate [11] [12] [13] . Despite the preparation of assemblies and crystals, the potential of laser trapping techniques for chemical reactions and the preparation of novel materials remains unexplored. The current work demonstrates the synthesis of highly luminescent mixed chloride-bromide perovskite single crystals by laser trapping chemistry.
Lead halide perovskites, MAPbX 3 (MA = CH 3 NH 3 + , X = Cl, Br, or I), receive considerable attention from chemists and physicists because of their unique optical and electronic properties. Mixed-halide perovskites, MAPbX n Y 3-n (X, Y = Cl, Br, or I; n = 0-3), enable one to tune properties beyond those of pure halide perovskites [14] [15] [16] [17] . The growth of MAPbX n Y 3-n single crystals is of key importance for the advancement of perovskitebased applications, as well as for gaining an understanding of their fundamental properties. Typically, lead halide perovskites are synthesized from their precursor solutions by film preparation 18, 19 , a solvothermal approach 20 , or controlling retrograde solubility 16, [21] [22] [23] . However, these methods lead to the initiation of multiple nucleation sites and the formation of several small crystals. Furthermore, in such methods, it is difficult to control the number, size, location, or composition of the crystals, resulting in an inhomogeneous distribution of crystals and properties.
We explore the potential of laser trapping to grow mixed-halide lead perovskites. In this work, we prepare mixed chloride-bromide perovskite (MAPbBr n Cl 3-n ) single crystals with controlled band gaps and emission colors, which is accomplished by trapping MAPbX 3 precursors in unsaturated solutions. The mixed-halide perovskite crystals are characterized by X-ray diffraction (XRD) and transmission and photoluminescence (PL) spectra. The trapped precursors, which are precursor complexes of MAPbX 3 , accelerate both the nucleation and growth of mixed-halide perovskite crystals in unsaturated solutions. An increased rate of chemical reaction via the formation and desolvation of precursor complexes and low free energy potentials are the key factors in crystal nucleation and growth. Thus, by applying laser trapping to unsaturated precursor solutions, we accomplish spatially and temporally controlled chemical reactions under the optical potential.
Materials and methods

Sample preparation
We used the following chemicals without further purification: MACl (TCI, >98.0%), MABr (TCI, >98.0%), PbCl 2 (Aldrich, 98.0%), PbBr 2 (Aldrich, ≥98.0%), dimethyl sulfoxide (DMSO) (Wako), and N, N-dimethylformamide (DMF) (Wako). The appropriate amounts of the precursors were dissolved in a solvent to prepare a precursor solution for optical trapping. The details of the solution conditions are described below. The sample solutions were centrifuged at 10,000 r.p.m for 5 min, and their supernatants were used for further experiments. The sample chamber was fabricated by gluing a silicone rubber O-ring to a cover glass (Matsunami, 25 mm × 25 mm, thickness 0.13-0.17 mm) using silicone glue (ShinEtsu, KE42RTV). The diameter and height of the chamber were 4 and 3 mm, respectively. A thin layer (100-200 μm thickness) of a precursor solution was prepared by placing ca. 10 μL into a sample chamber constructed in the laboratory. The sample chamber was placed on the microscope stage, and the near-infrared (NIR) laser was focused onto the solution surface. All trapping experiments were carried out at the ambient temperature of the laboratory (18°C).
For the crystallization of MAPbBr n Cl 3-n by optical trapping, we used precursor solutions prepared by the following procedure. The compositions of the precursors and solvents in the precursor solutions are provided in the Supporting Information (Table S1) 24 . Based on the solubility of MAPbBr 3 , the saturation degree of the precursor solution was estimated at 0.83 at 18°C, which was the temperature in the laboratory. For the preparation of the MAPbBr 2.5 Cl 0.5 precursor solution, MABr/PbBr 2 /MACl (1.0 M) was dissolved in DMF. Although MACl can be dissolved well in DMF, it tends to decrease the solubility of precursors, so the concentration of the precursor solution was adjusted to be 1.0 M.
To prepare the MAPbBr n Cl 3-n (n = 0.0, 0.5, 1.0. 1.5, and 2.0) precursor solutions, we used a DMSO:DMF solvent mixture because PbCl 2 has a very low solubility in DMF. MAPbCl 3 shows retrograde solubility in a DMSO:DMF solvent mixture (1:1, v-v) at temperatures up to 100°C 25 . Based on the solubility of MAPbCl 3 , we dissolved MACl/ PbCl 2 (1.0 M) in a DMSO:DMF solvent mixture (1:1, v-v), which has a saturation degree of 0.85 at 18°C. The MAPbBr n Cl 3-n precursor solutions (n = 0.5, 1.0. 1.5, and 2.0) were prepared by adding appropriate amounts of MABr/PbBr 2 . These precursors (MABr/PbBr 2 ) dissolve well in DMSO without showing retrograde solubility. Furthermore, they tend to promote the solubility of the precursor solutions. Considering these characteristics, we elevated the content of the DMF in the DMSO:DMF solvent mixture and the concentration in the precursor solutions along with an increase in the bromine content.
In addition to the optical trapping experiments, we examined spontaneous crystallization by heating the prepared precursor solutions in the sample bottle to 55°C with a hotplate. Although no crystallization was observed at room temperature, many crystals were formed during heating. The formed crystals were completely dissolved after the hotplate was switched off. This result indicates that the precursor solutions at room temperature experience unsaturation and have characteristics of retrograde solubility. Figure S1 shows a schematic illustration of the optical setup used in this study. An NIR laser beam (Spectron Laser System, λ = 1064 nm) was used as the light source for optical trapping. The NIR laser was introduced to an inverted microscope (Olympus, IX71) and focused at the air-solution interface of a sample solution through an objective lens at 60 times magnification (Olympus UPlanFLN with a numerical aperture of 0.90). The power of the laser passing through the objective lens was tuned to 1.0 W by rotating a half-wave plate placed in front of a polarizing beam splitter. A 405 nm laser (Thorlabs, CPS405) was also introduced to the sample in the same optical path as the NIR laser. The 405 nm laser was switched on as a light source for the PL spectral measurement and imaging as necessary. The crystallization process was directly monitored with a charge-coupled device camera (Watec, WAT250D) under halogen lamp illumination.
Experimental setup
Microspectroscopic analysis of the perovskite crystal formed by optical trapping was carried out with a fiber spectrometer (Ocean Optics, Flame) attached to the inverted microscope. White light from the halogen lamp was used for transmission microspectroscopy. First, white light passing through a sample solution was measured as a reference spectrum before starting optical trapping. After crystallization, a spectrum of white light passing through a formed crystal was obtained as a sample spectrum. A transmission spectrum was calculated from the sample and reference spectra. The PL of the formed crystal was detected through one-photon excitation of the 405 nm laser. The excitation light was blocked with a proper optical filter during the PL measurement. The diameter of the detection area in the microspectroscopic analysis was 3 μm, which was determined by the 200 μm core diameter of the optical fiber and the magnification of the objective lens.
Results and discussion
We aimed to develop new methodologies to engineer perovskite crystals and recently succeeded in inducing the crystallization of pure halide perovskites by applying laser trapping 26 . We speculate that the crystallization under an optical potential is general for mixed-halide, mixedcation, and mixed-metal perovskites. Considering this hypothesis, we accomplished the crystallization of mixed chloride-bromide perovskites (MAPbBr n Cl 3-n ). Upon optical trapping at the air-solution interface of MAPbBr n Cl 3-n precursor solutions (n = 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0), only a single crystal was formed. The optical setup used for the laser trapping experiment is described in the Supporting Information (Fig. S1 ). Figure  1a , b presents the chemical reaction leading to crystal nucleation and growth of MAPbBr 3.0 and MAPbBr 2.5 Cl 0.5 , respectively. The nucleated crystals continuously increased in size (panels (ii)-(iii) in Fig. 1a, b) . The crystal formed in the MAPbBr 3 precursor solution showed green emission resulting from two-photon absorption of the trapping laser (λ = 1064 nm), whereas two-photon excited emission was not detected from the mixed chloride-bromide perovskite crystals.
In the MAPbBr n Cl 3-n precursor solutions (n = 0.0, 0.5, 1.0, 1.5, and 2.0), crystal nucleation was induced at the focal spot, but the crystal growth was saturated at several micrometers. For example, as shown in Fig. S2 , the crystals nucleated in the precursor solutions of MAPbBr 1.5 Cl 1.5 and MAPbBr 0.5 Cl 2.5 grew to ca. 5 × 5 μm 2 .
Although the crystallization was induced at the focal spot and the crystals were stable, they quickly dissolved after the laser was turned off. This result implies that crystal nucleation and growth occur through a local increase in the saturation degree due to the optical potential in unsaturated solutions. The possible mechanisms for crystal nucleation and growth are discussed below.
To grow larger mixed-halide perovskite single crystals, we performed laser trapping crystallization in chambers without a lid, enabling gradual evaporation of the solvent. After single crystals were nucleated and grew to a size on the scale of a few tens of micrometers, transmission spectra were recorded (Fig. 2a) . The absorption edge of the MAPbBr 3 crystal was observed at~550 nm. To understand the compositions of crystals, we examined the band gaps of MAPbBr n Cl 3-n crystals by measuring the transmission spectra. The transmission edge shifted to a short wavelength with a decrease in the bromide composition (n) in the precursor solutions. To determine the band gaps of the crystals, the transmission spectra were converted to Tauc plots (Fig. 2b) and fitted with a linear function. As summarized in Fig. S3 , the MAPbBr n Cl 3-n crystals have higher band gaps than the crystals of the same composition as the corresponding initial precursor solutions. This result indicates that the crystals prepared by optical trapping have chloride compositions higher than those of the precursor solutions.
The unique compositions of the MAPbBr n Cl 3-n crystals are reflected in the PL spectra. After a crystal was nucleated and grew by optical trapping, the 1064 nm laser was switched off, and the PL spectrum was obtained under 405 nm laser irradiation. Figure 3a , b shows the PL spectra and images of the crystals prepared in the MAPbBr n Cl 3-n precursor solutions (n = 1.5, 2.0, 2.5, and 3.0). The crystals formed by optical trapping showed a PL peak at a shorter wavelength than that of the thin-film perovskites with compositions equivalent to the precursor solutions (Fig. S4 ) 27 . This result indicates that the chloride compositions in the crystals prepared by optical trapping were higher than that of the corresponding precursor solution.
It should be noted that, in all cases of the mixed-halide crystals, red tails were observed in the emission spectra and the blue and green emissions in the PL images. Our PL measurements were carried out with accumulation times of 10 s for MAPbBr n Cl 3-n (n = 1.5 and 2.0) and 1 s for MAPbBr n Cl 3-n (n = 2.5 and 3.0). Unlike the reports on halide segregation upon photoexcitation 28, 29 , we did not observe any dynamic spectral change during the PL measurements under faint 405-nm illumination. However, we do not rule out the contribution of halide segregation to the red tails in the PL spectra because there is the possibility that halide segregation completed during the spectral measurement. Although a uniform distribution of halides is considered in the current work, further experiments involving energy-dispersive X-ray spectrometry are needed to characterize the distribution of the halides. To further characterize the mixed chloride-bromide crystals, we obtained XRD data (Fig. 4a) . The details of the measurements are described in the Supporting Information. Figure 4b shows the XRD peaks of the (100) planes of the crystals. The peak position shifted to a large angle with a decrease in the bromide composition (n). The lattice constants of the respective crystals are plotted in Fig. 4c . The solid line is the tendency of the lattice constant of a MAPbBr n Cl 3-n crystal, which was calculated according to Vegard's law 16 . We used 5.714 and 5.940 Å as the values for MAPbCl 3 and MAPbBr 3 , respectively, which were based on our measurements 26 . The crystals formed under the optical potential tend to have a smaller lattice constant than crystals with compositions that are the same as the precursor solutions. This result is consistent with the band gap energy values (Fig. 2b) and PL spectral maxima (Fig. 3a) , supporting the formation of chloride-rich crystals under optical trapping. Here, we summarize the possible mechanism of mixedhalide perovskite crystallization under focused laser irradiation. We discuss the mechanism in two steps: the chemical reactions of perovskite precursors (MABr/ MACl/PbBr 2 /PbCl 2 ) and the subsequent nucleation of MAPbBr n Cl 3-n . Spontaneous crystallization of pure-and mixed-halide perovskites in supersaturated precursor solutions at room temperature suggests that the chemical reactions between perovskite precursors are thermodynamically favored or that the free energy change is negative. The initial unsaturated precursor solutions in this study contained individual precursors as well as precursor complexes 21 . The latter receives a gradient force toward the focal spot due to the high refractive index and the large size compared to the ionic precursors. In addition, the electromagnetic energy of the trapping Fig. 3 Composition-dependent PL of mixed-halide perovskites. a PL spectra of perovskite single crystals formed by optical trapping at 1064 nm in the precursor solutions of MAPbBr n Cl 3-n (n = 1.5, 2.0, 2.5, and 3.0). b The corresponding PL images. The image size is 80 μm in width × 60 μm in height Fig. 4 Characteristic XRD patterns of mixed-halide perovskites. a XRD patterns of MAPbBr n Cl 3-n crystals. b Enlarged peaks of (100) planes. c The relationship between the lattice constants of perovskite crystals and 'n' of precursor solutions. The solid line in c shows the lattice constants of MAPbBr n Cl 3-n estimated based on Vegard's law 16 laser modifies the free energy of the focal volume to be lower, as discussed by Walton and Wynne 30 . Due to such an optical potential, individual precursors are attracted to the focal spot, accelerating the formation of the precursor complexes. Consequently, nucleation of MAPbBr n Cl 3-n is triggered by an increase in the concentration, which is in addition to a decrease in the free energy of the phaseseparated state 30 . We assume that, through the local concentration increases in the focal volume, the solvent molecules were excluded, which is comparable to dehydration during optical trapping and assembly of a thermoresponsive polymer 31 . Desolvation is critical to determine the composition of the crystal. In the case of MAPbBr n Cl 3-n (n = 0.5-2.0), we dissolved MABr/PbBr 2 and MACl/PbCl 2 in DMSO/DMF mixtures. It has been reported that MAPbBr 3 shows retrograde solubility in DMF but not in DMSO 21 . Thus, MABr/PbBr 2 precursor complexes are efficiently desolvated in DMF compared to DMSO. On the other hand, MACl/PbCl 2 precursor complexes are efficiently desolvated in a DMF/DMSO mixture because MAPbCl 3.0 shows retrograde solubility in this mixed solvent 25 . Therefore, upon optical trapping in the MAPbBr n Cl 3-n (n = 0.5-2.0) precursor solutions, the gathered MACl/PbCl 2 precursors were preferentially desolvated compared to MABr/PbBr 2 , and chloride-rich crystals were formed.
As the ionic precursors of pure-and mixed-halide perovskites do not absorb (one-or two-photon) the NIR trapping laser, the crystal nucleation is independent of laser heating. In other words, nucleation is induced by optical trapping of precursor complexes, increasing the local concentration of the complexes and lowering the free energy of phase-separated precursor complexes. From the band gap energy values (Fig. 2b) and transmission (Fig. 2a) and PL (Fig. 3a) spectra, it is obvious that the MAPbBr 3 crystal, but not the mixed-halide [MAPbBr n Cl 3-n (n = 0.0-2.0)] crystals, showed twophoton absorption. As a result of laser heating during crystal growth, the MAPbBr 3 crystal continuously grew to a large size while trapped. On the other hand, the growth of MAPbBr n Cl 3-n (n = 0.0-2.0) crystals was saturated upon reaching a size of several micrometers.
To further understand the influence of laser heating on crystal nucleation and growth under optical trapping, we investigated spontaneous crystallization during heating in the unsaturated precursor solution of MAPbBr 2.5 Cl 0.5 , but without any laser irradiation. We prepared perovskite crystals from this solution by heating to 55, 70, and 80°C. No crystal was formed at temperatures below 50°C even after 6 h. Interestingly, the transmission edges of the crystals formed at 55, 70, and 80°C were located at wavelengths longer than those of the crystals prepared by optical trapping in the same precursor solution (Fig. S5) .
In other words, laser trapping crystallization provided us with mixed-halide perovskite crystals with increased band gaps, indicating increased chloride compositions. Furthermore, local temperature elevation during laser trapping in precursor solutions is estimated to be 10-13 K 26 , which is based on absorption coefficients and thermal conductivities of solvents and the power of a 1064-nm laser 32 . The temperature elevation of 10-13 K is insufficient to trigger crystal nucleation during laser trapping crystallization at room temperature. Based on the large band gaps of the chloride-bromide perovskites, which are larger than the two-photon energy of the trapping laser, and differences in the halide compositions in the crystals prepared by thermal or laser trapping methods, we ruled out a heating effect during the laser trapping crystallization of mixed-halide perovskites.
Conclusions
We report a spatially and temporally controlled crystallization of mixed chloride-bromide lead perovskites under the irradiation of a focused NIR laser beam in unsaturated precursor solutions. By employing laser trapping chemistry, we demonstrate selective growth of mixed-halide perovskite single crystals with a brilliant blue to green emission. The formed crystals were characterized using spectroscopic, microscopic, and XRD methods. When compared with the spontaneously formed crystals, laser trapping crystallization produced crystals with a higher chloride composition, which is attributed to the local concentration increase by optical trapping of precursor complexes and their desolvation. This crystallization process should be general for various mixed perovskites, including mixed-halide, mixed-cation, and mixed-metal perovskites. Thus, chemical reactions, crystal nucleation, and crystal growth under an optical potential should develop novel perovskites.
